from atoms on the lattice sites of the crystal. This Bragg diffraction typically has used macroscopic millimeter-scale x-ray and neutron beams. However, in the past several years, dramatic advances have been achieved in the development of sources, facilities, and techniques for x-ray and neutron scattering. These developments are rapidly extending the impact of x-ray and neutron scattering techniques in new directions. In part, the power of these advances comes from allowing x-ray and neutron scattering to be applied to smaller samples, to materials lacking long-range crystalline order, and at shorter times. The new sources and techniques also present a radical improvement in the quantitative precision with which principles of scattering can be applied, leading to the new materials characterization techniques described here, including the complete structural solution of nanoparticles and imaging based on previously unavailable contrast mechanisms.
Characterization problems in the development of emerging materials are myriad and challenging. Strain engineering in fieldeffect transistors, for example, requires precise control of strains as large as 1%, with spatial variations across lengths of 50 nm or less. 4 Advances in epitaxial growth now yield materials integration onto silicon and other substrates with unit-cell precision but pose enormous chemical, materials, and characterization challenges. 5 Fabricating nanoparticles and nanocrystals into structural materials requires knowledge of the composition, size, crystallinity, and distribution of the particles. Integrating nanomaterials into functional devices requires placement and orientation of large numbers of nanostructures often while controlling their crystallographic orientation and defect structure. 6 Each of these challenges can now be addressed using advanced scattering probes.
In addition to the characterization challenge associated with the fabrication of new materials, scattering techniques provide a unique window into the equilibrium and nonequilibrium properties of emerging materials. Device technologies, such as those on the semiconductor road map, are beginning to use degrees of freedom, including the ordering of spins and orbitals of neighboring metal ions that pose challenges for conventional characterization techniques. 7 Mechanical devices for filters and sensors operate at frequencies and length scales that are inaccessible to present microscopies. 8 Already, advanced x-ray probes have led to developments in applications as diverse as spintronics, 9 the use of zeolites in catalysis, 10 and solar energy. 11 
Introduction
Crystallography works very well for a perfect (or nearly so) single crystal, but what about real materials, especially materials in situ and in real devices? Such materials are often far from the singlecrystal ideal. They may be polycrystalline, nanocrystalline, textured, defective, strained, or driven into a state far from equilibrium-often quite intentionally. 1 Often we are interested in materials that are heterogeneous or low dimensional, such as membranes in fuel cells or complex oxide dielectric barriers in microelectronic devices. 2 The frontier in materials structure characterization is the study of real materials in operando. 3 Watching a material's structure evolve in a real device as it operates would be an outstanding achievement, for example, to study the structure of a battery electrode as the battery discharges or to study structural changes in a catalyst and in the reactants and products in a system undergoing a catalytically mediated reaction. Answering these questions is an enormous challenge, but the advent of ever more powerful sources of x-rays and neutrons, coupled with methodological and modeling advances, is resulting in the emergence of powerful nontraditional approaches that use scattering to probe the structure and properties of materials.
Much of what is known about the atomic-scale structure of materials has been derived from diffraction experiments using x-rays, neutrons, and electrons. Diffraction using these forms of radiation dates to the early-to-mid 20th century and has been the basis for scientific and technological breakthroughs ranging from the ability to create arbitrary semiconductor superlattices to the mechanistic structural understanding of biological processes. In particular, x-ray and neutron diffraction provide high resolution in reciprocal space and a quantitative basis for determining structural parameters from the intensities of diffraction peaks. Scientific and technical advances have been predicated on the application of steady-state x-ray and neutron diffraction techniques based on the coherent interference of x-rays scattered In all of these areas, the structural information derived from advanced probes based on recent developments in x-ray and neutron analysis are rapidly becoming an indispensible part of the process of developing and applying novel materials.
The present suite of synchrotron light source facilities 12 is the third generation of these types of instruments. Third-generation facilities allow new scattering techniques to be readily applied by producing x-ray beams with unique qualities that distinguish them from previous instruments. X-ray beams are produced from tightly confined bright electron beams, resulting in x-ray beams with a high degree of phase coherence and high intensity (Figure 1a) . The fundamental ideas necessary to make use of these properties of synchrotron radiation have their origin in the observation of coherent scattering, the development of microfabricated x-ray focusing optics, and the theory of diffraction from surfaces, all of which are based on work from a previous generation of synchrotron light sources at the end of the 20th century. [13] [14] [15] X-ray optics now permit diffraction studies to be routinely performed with spot sizes on the order of 50 nm with the result that materials problems can now be addressed at the scale of individual isolated nanostructures. X-ray mirrors can be used to focus either monochromatic or polychromatic radiation. 16, 17 X-rays can also be focused by diffracting x-ray beams from nanofabricated x-ray optics, which are diffraction gratings that create a firstorder diffraction maximum at the x-ray focal spot. These Fresnel zone plates have progressed from spot sizes of several microns in 1992 to 30 nm or better at present. 14, 18 Zone plates are among the triumphs of nanoscale materials science: their resolution and efficiency are determined by the precision with which the outermost zones, or diffraction features, of the zone plate can be nanofabricated, especially the aspect ratio relating the height of these zones to their widths. At present, hard x-ray zone plates, operating at photon energies on the order of 10 keV, have impressive aspect ratios, with zone widths of 30 nm and heights of several hundred nm (Figure 1b) . 18 Reflective optics based on x-ray mirrors, similarly, have tiny tolerances for figure errors (errors in the geometrical shape of the mirror) and roughness (Figure 1c) , necessitating the development of advanced surface characterization techniques. 19 A renewed fundamental effort in x-ray optics has led to the development of a new generation of focusing optics based on the diffraction of x-rays from thin-film multilayers, termed a multilayer Laue lenses. 20 Future x-ray nanofocusing optics will draw on both diffractive and reflective effects. Focusing neutrons is inherently more challenging, but a similar pace of development in that field could allow neutron scattering experiments with samples as small as 100 μm, far smaller than the conventional centimeter-scale dimensions of neutron scattering samples. 21 Thus, materials science is enabling the very tools that we are then using to advance materials science itself.
When we think of images at the nanoscale, we generally think of transmission electron microscopy (TEM) and scanning probe microscopies, such as scanning tunneling microscopy (STM) and atomic force microscopy (AFM). These techniques produce stunning images of nanoscale spatial variations in materials of all sorts. 22, 23 The power of new x-ray sources for nanoscale microscopy is sometimes less appreciated. If we have methods such as TEM and STM, why do we need x-ray methods? Actually, all of these techniques are highly complementary and will play important roles in our efforts to understand and control materials at the nanoscale. Both top-down and bottom-up nanotechnologies rely on imaging with nanoscale and subnanometer resolution. X-rays have the advantage that they are weakly interacting, so they have greater penetration than electrons. TEM gives bulk information only on submicron thin sections, and STM is completely a surface technique.
Focused x-ray and neutron beams have led to opportunities to solve materials science problems by studying individual nanostructures or by forming images of that order within larger samples. Images now can also be formed, in many cases, using "lensless" imaging techniques based on the inversion of coherent diffraction patterns, 24 as described in the Imaging/Nanostructural/ Microstructural Frontiers section. Similarly, advanced computer analysis of data from powder diffraction yields length-scaledependent structure solutions, as described in the article by Huq et al. 25 These techniques have allowed x-rays to become an essential tool for real-space studies in nanoscience.
The intensity and coherence of synchrotron radiation sources also provide unique opportunities to probe dynamic 18 Mirror focusing optics (c) rely on minimizing the roughness and figure error in the shape of the mirror surface, in this case, to less than 1 nm over 0.5 m distances. (d) Synchrotron x-ray beams can be focused on spots with sizes of a few tens of nm, in this case, using x-ray mirrors. 16 phenomena in materials. First, coherent scattering can be used to obtain information on equilibrium fluctuations at relatively long timescales beginning at microseconds and extending to thousands of seconds or more. 26 A second suite of time-resolved diffraction and scattering experiments at shorter times are a natural match for synchrotron radiation facilities because the light from synchrotron radiation sources is derived from a number of stored electron bunches, and as a result is inherently pulsed with durations of 10-100 ps. The scientific opportunities afforded by dynamics have motivated schemes for further improving the time resolution of x-ray scattering techniques. Even shorter-duration picosecond-and femtosecond-duration x-ray pulses can be created by using lasers or radiofrequency techniques for x-ray radiation from only a small portion of the longer duration of the stored electron bunches. 27 In addition, fast detectors such as x-ray streak cameras provide time resolution, allowing phenomena with durations shorter than the typical duration of pulses of synchrotron radiation to be resolved. 28 Looking to the future, a number of materials science opportunities are emerging at fourth-generation x-ray facilities based on x-ray-free electron lasers. These facilities offer highly intense x-ray pulses with full spatial coherence and femtosecond-scale durations. The world's first hard x-ray-free electron laser, the Linac Coherent Light Source at the Stanford Linear Accelerator Laboratory, lased in 2009. The European X-ray Free Electron Laser at the Deutsches ElektronenSynchrotron offers a similar leap in capabilities, commensurate with recent and near-future developments in sources are developments in detectors, monochromators, and spectrometers. All of these advanced sources are operated as user facilities, allowing free access to materials scientists with interesting problems through proposal-based user programs.
Frontiers in Structural Science
Historically, scattering in the form of x-ray diffraction has had a huge impact on structure determination, from simple crystalline structures in the early part of the 20th century, 29, 30 increasing in complexity to proteins, 31, 32 and to higher-order structures such as the ribosome in the 21st century. [33] [34] [35] The 2009 Nobel Prize for chemistry was awarded for the structure solution of the ribosome. 36 A total of 24 Nobel Prizes have been awarded for topics associated with crystallography and structure solution, underlining its importance in various scientific domains. 37 X-rays are typically thought of as deriving scattering information primarily from electrons located in the ionic cores, thus providing the locations of atoms. However, structural characterization extends beyond finding atoms to determining other parameters, including arrangements of spins 38 (magnetic structure) and the distribution of valence electrons responsible for bonding 39 (charge density studies) and orbital arrangements 40 (orbital ordering structure). In many materials, these are of fundamental importance to understanding the properties, but again there are powerful scattering methods for studying these phenomena with neutrons, x-rays, and electrons, as discussed in the article in this issue by Huq et al.
Achieving an atomic structure solution carries with it the implication of finding the positions in 3D of all the atoms needed to define an atomic structure. In crystals, this amounts to finding the unit cell geometry and the positions of the atoms in the asymmetric unit, from which the full unit cell contents are generated by applying symmetry operations. For a molecule, it is the relative positions of the atoms in the molecule, and for a molecular solid, it is, additionally, the relative positions and orientations of the molecules with respect to each other. A particular challenge emerges in the case of nanoparticles. 1 In general, nanoparticles require a large number of atom positions to fully specify the structure, including all surface relaxations. Except in a few rare cases, as illustrated in Figure 2a and 2b, [41] [42] [43] the detailed atomic structure of nanoparticles is an unsolved problem. The solved structures of thiol-capped Au nanoparticles and a C 60 molecule shown in Figure 2 represent the first steps into a tremendously challenging set of structural problems. In addition to having to specify many atom positions, diffraction from nanoparticles is broad and diffuse in reciprocal space, there are no Bragg peaks, and the tools of crystallography lose their power. 1 New scattering-based approaches, such as the atomic pair distribution function analysis, are emerging and show great potential. 44 Figure 2. Recent developments make it possible to resolve structures that have challenged previous techniques. (a) Structure of a 1.5 nm-diameter gold nanoparticle functionalized with a thiol monolayer. 42 (b) Determination of the structure of a C 60 fullerene from neutron pair distribution function, R, as a function of distance r. The quantities var(d ) and var(C 60 ) respectively represent the variance used to test the convergence of the structural model and the difference between the experimentally derived structure and the ideal C 60 molecule. 41 (c) Distribution of the components of the strain tensor ε within the single supported ZnO nanorod pictured in the inset is determined using coherent x-ray diffraction imaging. 59 a b Nanostructured bulk crystals, with some nanoscale structural modulation superimposed on a crystalline background, are an increasingly important class of materials. 45 With less powerful scattering sources, the weak diffuse scattering that arises from this situation could be ignored and the materials considered as good crystals. Modern intense sources make it possible to study this diffuse scattering, revealing that, in many cases, nanoscale fluctuations have a profound effect on, and even drive, the material properties. [45] [46] [47] It is therefore important to go beyond the average structure and quantitatively characterize these nanofluctuations. Methods such as the atomic pair distribution function analysis and single crystal diffuse scattering studies are emerging to handle such situations, for example, in the diffraction characterization of strain within a single ZnO nanorod (Figure 2c ).
It is now also possible to go beyond the ideals of perfect powders or single crystals. An ideal powder consists of a multitude of grains that sample each spatial orientation with equal probability. This is one asymptote of a complete continuum of possibilities that extends at the opposite extreme to the perfect single crystal case. In this sense, crystallography and materials research are at odds because many materials problems require working in the middle of this range, controlling and manipulating microstructures to enhance properties, while crystallography is more easily performed using single crystals or optimally disordered powders. Scattering approaches are emerging that can work in the interesting middle range of polycrystalline but not perfect powder samples. 48 Again, intense x-ray sources coupled with powerful computing and software leads to crucial new information becoming available for materials science in this important regime.
It is worthwhile to contrast structural solutions with imaging, which we discuss in the Imaging/Nanostructural/Microstructural Frontiers section. In principle, a full 3D image of the electron density of a material with sub-angstrom resolution provides information that is equivalent to a complete structure solution. We are still far from having this ability, although hard x-ray freeelectron lasers, with their incredibly intense and coherent beams, will bring us closer by providing the means to perform scattering experiments from individual particles. 49 Even in this case, the approach will yield the structure of rather idealized molecular beams of identical individual nanoparticles. In materials science, this is only half the story, and this approach will augment, but not replace, our ability to study real, heterogeneous bulk samples. However, nanometer resolution imaging in 2D and 3D will become an enormously important component of future in operando studies on bulk systems. An emerging challenge is to combine image information with quantitative diffraction data from x-rays, neutrons, and electrons in a complex modeling framework, 1 especially as different techniques probe different sample volumes and sample the data space differently. We have to solve these problems to make progress with the most challenging materials questions. It is an exciting time to be in scattering science with the plethora of novel capabilities emerging.
Materials in lower dimensions present special challenges, yet as with nanoscale structures, interfaces and surfaces can substantially modify the properties of materials. 50 This is most true in strongly correlated electron systems, where an interface between two insulators can become superconducting. 51 Now the challenge becomes to characterize not only the bulk, but surfaces, thin films, and buried interfaces. We would like to accomplish this with nanoscale and, ultimately, atomic resolution and, in general, in a spatially resolved way. The experiments are enormously challenging because of the small sample volumes and large background signals from substrates and the bulk material. However, even here, novel scattering sources are providing new possibilities in this regard, especially with respect to the development of improved in situ techniques, as described in this issue by Fong et al.
Imaging/Nanostructural/ Micro structural Frontiers
In some respects, materials science is built on the ability to use images of the microstructures that are at the heart of our ability to control materials properties. 52 An important frontier in materials science is to push our understanding and control of materials microstructure to the nanoscale via nanostructural studies.
Historically, x-rays have had two major disadvantages as an imaging probe. First, because x-rays are weakly interacting, it is simultaneously difficult to focus them, and difficult to collect and analyze the weak scattered signals from nanoscale volumes. The enormous recent progress described in the introduction in optics and sources now makes it possible to get the intense x-ray beams to nanometer dimensions suitable for nanoscale imaging. Because of the penetrating properties of the x-rays, many materials, not just those that are optically transparent, can then be imaged in 3D using tomographic reconstructions, where small beams are scanned across the sample, and intensities at all orientations about an axis recorded. 53 As with the optical analogy, it is not necessary to have a nano-sized x-ray beam to obtain a nanometer resolution image if instead of using lenses, one builds an image using interference and diffractionyielding a lensless way to image nanostructures. Measurements of the intensity of a diffraction pattern represent the intensity but not the phase of the scattered x-ray wavefronts. Because of this famous phase problem, the 3D Fourier transform of the measured intensity does not immediately yield the electron density, but instead produces the density-density pair correlation function. However, the density distribution can be recovered computationally if sufficient redundant information is present in the diffraction pattern, so-called over-sampling, 24 which has been demonstrated experimentally. [54] [55] [56] A host of subsequently developed techniques are based on recording the interference patterns of scattered x-rays with a reference beam, as in holography, or using prior knowledge of the relationship between the diffraction pattern and the sample. X-ray ptychography records diffraction patterns from overlapping regions of the sample and uses the spatial relationship between these regions to provide additional information in the recovery of the sample structure. Holography and ptychography techniques provide complementary approaches to the lensless imaging solution of the phase problem. 57, 58 As technique developments allow lensless imaging to be extended to shorter wavelength x-rays, the real-space resolution of x-ray probes is reaching the nanometer regime. This already has been used in real materials science problems, such as mapping the strain distribution within a single nanoparticle, as in Figure  2c . 55, 59 This approach is also extendible to 3D imaging by taking images as a function of sample orientation and reconstructing the image using tomographic approaches, or using algorithms that conduct the phase reconstruction completely in 3D. 55, 56 Both small-beam and diffraction imaging hold enormous promise and are at the beginning of their use. We expect them to have a large impact in materials science in the upcoming years.
Using scattering as the contrast mechanism in an imaging experiment, rather than just optical density, results in many additional possibilities for extracting information, for example, spatial maps of step edges (Figure 3a) , 60 strain, 55 charge, 61 and magnetic 62, 63 density wave order (Figure  3b ), grain orientation (Figure 3c) , 48, 64 and charge-ordered domains. 65 The possibilities are extensive. Furthermore, because of the relative penetrability of hard x-rays, these studies can be carried out not only on clean, cleaved surfaces as with STM, or very thin sections in vacuum as in TEM, but on bulk material in special environments and in in situ cells and in a time-resolved fashion. It is becoming possible to study the evolution of nanoscale microstructure in operating devices.
Frontiers in the Dynamics of Materials
A new level of characterization challenges arises as functional materials are applied in nonequilibrium environments. Changes in structure and long-range order can be driven by external perturbations, including optical excitation, applied stress, and applied magnetic or electric fields. The dynamics of the response to these stimuli provide the basis for functionality in magnetic and electronic materials. Photophysical or photochemical structural changes in organic and inorganic systems have an important role in solar energy conversion. The kinetics of phase changes are crucial to materials processing via epitaxial growth, crystal growth, and solution processing.
Recent developments in x-ray techniques provide insight into dynamics in two important ways. First, the coherence of the x-ray beams produced by synchrotron x-ray sources produce diffraction patterns that encode not only the macroscopic state of the sample, but also have coherent speckles that carry an imprint of local structure. The change of the intensity of these speckles as a function of time provides information on the fluctuations from the average equilibrium state. The speckles occur at wave vectors in reciprocal space that correspond to the spatial scales of specific fluctuations and their time dependences, thus provide information on how the timescales of fluctuations depend on their size. 26 The coherent beams necessary to apply this technique are beginning to be transferred from x-ray to neutron scattering. 66 A second route to the study of dynamics using scattering probes has been the adoption of pump-probe techniques familiar from a long history of development at visible wavelengths, as described by Trigo and Reis in this issue. Dynamic information in pump-probe experiments is obtained by varying the delay between a pulsed excitation and a probe pulse.
Photochemical and photophysical changes in structure begin at timescales of femtoseconds and can continue for periods of nanoseconds or longer. Structural changes induced during these processes include the rapid initial molecular rearrangement due Jahn-Teller symmetrybreaking distortion of the excited state and are followed by much larger scale changes. 67 Time-resolved small-angle scattering from the overall molecular shape can be interpreted to provide dynamical information on the long-range rearrangement of atoms near metal centers, bond orientation, and the distribution of solvent around molecules in solution (Figure 4a) . 68, 69 The critical molecular reconfigurations accompanying natural processes such as photosynthesis, 70 as well as nanotechnologies such as photochromic switches, 71 are directly probed in this way. Optically induced phase transitions provide means to create phases that do not exist in the ground state. Changes in Bragg reflections arising from the more subtle structural evolution accompanying optically induced excitons provide a means to use structural phenomena to study the kinetics of carriers in organic semiconductors. 72 In crystalline systems, x-ray probes provide unique insight into lattice dynamics acoustically excited by the local heating induced by a laser pulse. 73 Complementary information on thermal propagation is provided by the x-ray diffraction signature of buried structurally distinct epitaxial layers that serve as structural markers for the spatial location of the heating. 74 Superlattices confine phonons and produce modified phonon modes with distinct dynamical signatures associated with their propagation through the superlattice and subsequent decomposition into bulk modes. 75, 76 At high fluxes, the optical pulse can melt a thin layer near the surface. X-ray scattering provides unique insight into the kinetics of the melting process and the subsequent solidification. 77 Materials processing inherently occurs far from equilibrium and has associated dynamics at a wide range of timescales. The relevant phenomena vary from the extremely rapid changes associated with the initial selection of nucleation sites to long periods of time relevant for the growth of grains. 52 Neutrons and hard x-ray photons at hard x-ray energies penetrate through gas or liquid phases to the growing interfaces, and thus provide a way to study materials processing under conditions in which other probes would be scattered or absorbed. Recent advances in techniques allow, for example, step-height scale imaging under conditions that are simply impossible with electron microscopy. Contrast arising from interference near step edges allows single-height atomic steps to be imaged under ambient conditions, as in Figure 3a , a crucial milestone in characterizing epitaxial growth under challenging conditions. 60 Scattering techniques in reciprocal space provide information on long-range ordering phenomena, phase transitions, and growth dynamics in the gas Figure 3 . Advances in imaging techniques now allow in situ images of (a) steps on crystal surfaces under ambient conditions acquired using a grazing incidence technique in which the image is compressed in the vertical direction due to foreshortening; 60 (b) spin-density wave domains in antiferromagnetic chromium recorded at temperatures (T ) just above and below a phase transition at which the direction of the spin polarization indicated by the color scale is reoriented; 62 and (c) the three-dimensional evolution of crystalline grains in an Al alloy. 64 and high-temperature conditions of chemical vapor deposition. 78 The coverage-and time-dependence of the surface rearrangements induced by the delivery of each pulse of atoms to the surface during pulsed laser deposition can be followed using timeresolved surface scattering, Figure 4b . 79 The dynamics of long-range ordering phenomena, including magnetism and ferroelectricity, are routinely manipulated with applied magnetic and electric fields. For example, novel oscillators based on spin-transfer torque depend on a coherent rotation of a large magnetic moment. 80 Magnetic and ferroelectric memories similarly depend on the manipulation of a stored order parameter. The dynamics of the spin or remnant dielectric polarization within these devices can be probed in situ in applied fields, Figure 4c . 9, 81, 82 Equilibrium fluctuations and the evolution of local variations under nonequilibrium conditions are equally important and can be probed with coherent beams. 83, 84 A dramatic expansion in the range of dynamic phenomena that can be probed with scattering probes looms in the near future. The improved coherence and brilliance of fourth-generation light sources will allow complex dynamically changing systems to be imaged with single femtosecond-duration pulses. 85 Improvements in high-repetition-rate synchrotron sources with continuously tunable photon energy will extend to x-ray microscopy, spectroscopy, and anomalous scattering techniques to picosecond durations. 86 
Conclusions and Future Directions
The developments in structural, imaging, and dynamical probes reported in the articles of this issue are mirrored by a rapid expansion of the scope with which advanced scattering techniques can be applied by materials researchers. Over the past several years, there has been an extremely rapid development of new scattering facilities of all kinds, including synchrotron light sources, free electron lasers, spallation neutron sources, and laboratoryscale laser-based short-pulse x-ray sources. Newly constructed or updated user facilities are available on several continents and will continue to make the advanced techniques described here an everyday part of materials design and development. scattering as a function of the delay time t between the optical pump and x-ray probe. 68 (b) Surface dynamics associated with pulsed-laser deposition influence the intensities of the specular x-ray reflection from the surface (I spec ) and the diffuse scattering from islands (I isl ). These dynamics occur with different time constants τ spec and τ isl . 79 (c) Dynamics of domains in ferroelectric crystals. 82 
